T-Cadherin Expression Delineates Specific Regions of the
T-cadherin is a unique member of the cadherin family anchored to the membrane by a glycosyl phosphatidylinositol moiety (Ranscht and Dour+Zimmermann, 1991) . T-cadherin's distribution in the developing motor axon pathway was mapped by immunocytochemistry in the chick lumbosacral region as spinal neurons project to and innervate hindlimb muscle. On growing motor axons, T-cadherin was expressed biphasically.
Initially, uniform T-cadherin expression occurred on motor neurons as they projected between the spinal cord and the base of the hindlimb (stage 21-24), and then decreased as the axons sorted to form dorsal, ventral and muscle nerve trunks (stage 25-27) . Later, as motor axons entered and formed terminal axon arbors and synapses in muscle (stages 28-38), expression reoccurred heterogeneously among motor neuron pools. Thus, T-cadherin may guide the growth and fasciculation of all motor neurons during early axon extension, but only affect particular populations during the later expression period. In the mesenchyme of the motor axon pathway, T-cadherin was restricted to regions avoided by growing axons: the posterior-half sclerotome before and during the projection of motor axons through the T-cadherin-negative anterior half, and the extrasynaptic surfaces of developing muscle. The temporal and spatial expression patterns of T-cadherin and neurite outgrowth-promoting N-cadherin were complementary both in nerve and muscle tissues. Thus, in the posterior sclerotome and in maturing muscle, T-cadherin may act as a negative regulator that works in concert with neurite growthpromoting molecules to guide motor axons to their peripheral targets.
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The establishment of synaptic connections during embryonic neural development depends on selective pathfinding by growing axons. In chick, innervation of skeletal muscles by somatic motor neurons occurs with a precise topography that develops by axonal reorganization at several positions along the motor neuron trajectory (Landmesser, 1978a,b; Landmesser and Morris, 1978; Hollyday, 1980; Lance-Jones and Landmesser, 198 1) . First, motor axons are segmentally segregated into spinal nerves by restricted growth through the anterior-half sclerotomes. Second, axons sort in the plexus regions at the base of the hindlimb into dorsal and ventral nerve trunks. Third, axons belonging to individual motor neuron pools segregate from the major nerve trunk, forming discrete muscle nerves, which, finally, branch and synapse within specific muscle targets. Selective muscle innervation by motor neurons occurs even when the segmental positions of motor neurons in the spinal cord, or the position oftheir muscle targets in the hindlimb are experimentally altered (Lance-Jones and Landmesser, 1980a,b) .
The guidance of axons to their targets is controlled by the interaction of receptors on growth cone surfaces, such as the immunoglobulin-like cell adhesion molecules Ll and NCAM, integrins, and other neuronal cell surface components, with molecules in their environment. Molecules that support neurite outgrowth in vitro, such as NCAM, fibronectin, laminin, collagen IV, and heparan sulfate proteoglycan (Grumet et al., 1982; Rogers et al., 1983; Rutishauser et al., 1983; Silver and Rutishauser, 1984; Manthorpe et al., 1985) are present in the motor axon pathway prior to and during axon growth in regions traversed and avoided by motor axons such as the anterior and posterior sclerotomes, respectively (Hay, 1978; Newgreen and Thiery, 1980; Rogers et al., 1986; Tosney et al., 1986; Hall et al., 1987) . Therefore, the distribution of these molecules insufficiently explains specific route selection. More likely, motor axon guidance is the result of the combined function of widely distributed molecules that promote axon extension and discretely localized negative cues that restrict growth cone advance into specific regions . Several possible inhibitory factors have been identified in regions avoided by growing motor axons, and include PNA-binding proteins of 48 and 55 kDa (Stem et al., 1986; Davies et al., 1990) , tenascin (Stem et al., 1989; Faissner and Kruse, 1990; Martini and Schachner, 199 1) and chondroitin sulfate proteoglycan (Snow et al., 1990; Tosney and Oakley, 1990; Oakley and Tosney, 199 1) .
T-cadherin, a functional member of the cadherin cell adhesion family anchored to. the plasma membrane through a glycosyl phosphatidylinositol moiety (Ranscht and Dours-Zimmermann, 199 1; Vestal and Ranscht, 1992) , is distributed in the posterior-half sclerotome during neural crest migration and early motor axon growth across the anterior sclerotome 199 1) . In the present study, we have mapped the distribution of T-cadherin during the projection of motor axons into the chicken hindlimb. This analysis revealed T-cadherin in regions avoided by extending motor axons and excluded from neuromuscular junctions. Thus, our observations are consistent with the possibility that T-cadherin acts as a negative regulator of motor axon growth.
Materials and Methods
Embryos. Fertilized White Leghorn chicken eggs (McIntyre Poultry Farm, Lakeside, CA) were incubated in a force-draft incubator until the desired developmental stages. Stages were determined according to the criteria of Hamburger and Hamilton (195 1). Immunojluorescence. Embryos were dissected in phosphate-buffered saline (PBS, pH 7.2), and fixed for 2-6 hr in 4% formaldehyde in PBS and then rinsed in several changes of PBS. Either the entire embryo, or for older stages (over st 30), the axial and hindlimb regions were cryoprotected overnight in 30% sucrose in PBS. The tissue was embedded in O.C.T. (Miles Scientific, Elkhart, IN) , frozen, and cryosectioned at 15 pm. The sections were collected on chrom-alumxoated microscope slides as three adjacent sets, each to be stained by indirect immunofluorescence with either anti-T-cadherin, anti-N-cadherin, or anti-neurofilament antibodies. T-cadherin was visualized with a rabbit polyclonal antibody (1: 150, Ranscht and Dours-Zimmermann, 199 l), followed by fluorescein-conjugated goat anti-rabbit immunoglobulin (Ig) < 1: 150; Cappel, West Chester, PA). N-cadherin was detected with the monoclonal antibody GC4 (Volk and Geiger, 1984 ; purchased from Sigma, St. Louis). Nerve trunks were identified with monoclonal anti-160 kDa neurofilament antibodv RM0270 (Lee et al.. 1987) . Both GC4 and RM0270 were visualized-with fluorescein-conjugated goat antimouse IgG (1:200; Antibodies, Inc., Davis, CA). All antibodies were diluted in PBS containing 2% bovine serum albumin, and PBS was used for rinsing. For intracellular staining, 0.1% Triton X-100 was included with the antibody staining solution. As a control, 2% bovine serum albumin was used in place of the primary antibodies, and no immunoreactivity was observed. Staining was visualized and photographed by epifluorescence with a Zeiss Axiovert 405M inverted microscope. Photographs depicting comparisons of staining intensities were photographed and developed with identical exposure times.
Neuromuscular junctions were identified with fluorescein-conjugated a-bungarotoxin (1 &ml, Molecular Probes, Eugene, OR). For double labeling, the toxin was applied simultaneously with anti-T-cadherin, and anti-T-cadherin was detected with Texas red-conjugated donkey anti-rabbit Ig (1:70, Amersham, Arlington Heights, IL). Staining was analyzed by laser scanning confocal microscopy using a Zeiss laser scanning microscope (LSM 4 10) equipped with argon 488 nm and helium/ neon 543 nm laser lines. Digital images of three optical sections, each approximately 1.5 pm in thickness, were added, pseudocolored in either red (T-cadherin staining) or green (a-bungarotoxin), and contrast enhanced. The distribution of the two fluorochromes was determined by comparing the T-cadherin staining with the superimposed a-bungarotoxin/T-cadherin image from the same field.
Electron microscopy. Five st 2 l-23 chick embryos were eviscerated and fixed at room temperature for 2 hr in 4% parafonnaldehyde and 0.2% glutaraldehyde in 0.12 M phosphate buffer, pH 7.3, rinsed in 0.13 M phosphate buffer, pH 7.3, and embedded in a mixture of gelatin (3%) and chicken egg albumin (30%). The resulting blocks were fixed with 4% paraformaldehyde in 0.12 M phosphate buffer, and vibratome sectioned transverse to the spinal cord. Sections of 50-100 pm were collected in Tris-buffered saline (TBS, 0.1 M Tris, 77 mM NaCl, pH 7.6), and incubated sequentially in the following reagents: 5% goat serum (1 hr, room temperature), anti-T-cadherin antiserum (1:500, 48 hr, 4"C), 1:50 goat anti-rabbit Ig (1 hr, room temperature; Cappel) and 1:lOO rabbit peroxidase-antiperoxidase (1 hr, room temperature; Stemberger Monoclonals, Baltimore, MD). All of the immunoreagents were diluted in TBS containing 1% goat serum, and the sections were rinsed after each incubation step in three changes of TBS. As a final step, the sections were reacted in a chromogen mixture of 0.05% diaminobenzidine and 0.005% hydrogen peroxide. As a control, anti-T-cadherin antiserum was substituted with mouse RM0270. and reacted with anti-rabbit Ig. No DAB reaction product was observed when the inappropriate prima& antibody was used. After immunostaining, the sections were postfixed with 1% osmium tetroxide, stained en bloc with 1% uranyl acetate, dehydrated, flat embedded in a TAAB/Epon (1: 1) resin mixture, and polymerized for 2 d (65°C). The desired regions were cut out of the flatembedded sections, reembedded on larger plastic blocks, thin sectioned on an ultramicrotome, and collected on mesh grids. Some grids were stained with 0.2% lead citrate, and sections on the stained and unstained grids were viewed and photographed with a Hitachi 600E transmission electron microscope.
Di-I labeling of motor neurons. Motor neuron cell bodies were backlabeled from their muscle targets with the lipophilic red fluorescent dye DiI (1,l '-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate, Molecular Probes) (Honig and Hume, 1986) . The spinal cord was exposed by ventral laminectomies in six st 3 1 embryos, and DiI (0.3% in 100% ethanol) was injected into either the adductors or sartorius muscles on each side of the embryos. The injected embryos were incubated for 4 hr in an oxygenated Tyrode buffer bath at 32°C fixed for 2 hr with 4% paraformaldehyde, and processed for cryosectioning as described above. Serial sections transverse to the spinal cord were collected through the lumbosacral region, and the locations of DiI-labeled motor neurons in the lateral motor column were mapped by epifluorescence microscopy. Representative sections were photographed. The sections were subsequently processed for T-cadherin immunofluorescence with a fluorescein (green) fluorophore, and DiI-labeled motor neurons were evaluated for the presence or absence of T-cadherin staining. Sections through the thigh were examined to verify that DiI was restricted to the injected muscles.
For cell culture experiments, motor neurons of six stage 27 embryos were backlabeled with DiI as described above. After the incubation period, the ventral portions of the lumbosacral spinal cords were isolated, and the cells dissociated by incubation for 30 min (37°C) with 0.05% trypsin in calcium-free Tyrode buffer. Glass round coverslips were coated with 0.2 mdml poly-r>-lysine (about 40 kDa; Sigma) overnight, and were subsequently immersed in. DMEM/F12 culture media (GIBCG-Bethesda Research Labs. Grand Island. NY) containing N2
additives (Bottenstein and Sato, 1979) and 10% fetal calf serum (Gemini Bioproducts, Calabasas, CA). The neurons were plated over the coverslips at a density of 1 .O x 1 O5 neurons/coverslip, and cultured for 15-18 hr at 37°C in a humidified 5% CO, incubator. The coverslius with attached neurons were fixed for 30 min with 4% formaldehyde in PBS, and immunofluorescently stained for T-cadherin as described above for the cryosections. The DiI-labeled motor neurons were evaluated for the presence or absence of T-cadherin immunofluorescence on their surfaces.
Results
The distribution of T-cadherin in the developing motor neuron pathway of the chick hindlimb was studied by indirect immunofluorescence with rabbit anti-T-cadherin antiserum (Ranscht and Dours-Zimmermann, 1991) . Motor neuron axons project segmentally from the spinal cord across the anterior sclerotome during st 18-22 (Keynes and Stem, 1984) , and converge to form, respectively, the crural and sciatic plexii at anterior and posterior regions at the base of the limb bud at about st 24 (LanceJones and Landmesser, 1981) . There, the axons refasciculate into dorsal and ventral nerve trunks, and more distally beginning at st 26, into trunks projecting to individual muscles (LanceJones and Landmesser, 198 1; Tosney and Landmesser, 1985a) . The sequence of motor neuron growth out of the spinal cord and into the hindlimb was monitored by immunostaining of sections adjacent to those staine,d for T-cadherin with anti-neurofilament antibody (Lee et al., 1987) .
T-cadherin is biphasically expressed on motor neurons Early patterns. T-cadherin was first observed at a very low level and with a diffuse distribution in the lumbosacral spinal cord at st 18 (not shown), but appeared in the posterior regions of the epithelial somites at st 17 as previously described (see Fig.  1OA and Ranscht and Bronner-Fraser, 1991) . At st 22 (Fig.  lA ,B'), as motor neuron genesis has ceased (Hollyday and Hamburger, 1977) and motor axons have projected out the spinal cord and into the anterior-half sclerotomes, intense T-cadherin staining was present in the ventral spinal cord region, including the location of motor neuron cell bodies and the floor plate. In drg, dorsal root ganglion. Scale bars, 300 pm.
addition, T-cadherin marked a cell population in the dorsal third nostaining was present in the lateral motor columns and spinal of the spinal cord in a band-like pattern. T-cadherin was disnerves containing motor neuron cell bodies and axons (respectributed in the ventral roots extending through the T-cadherintively), and in regions avoided by growing motor axons (e.g., negative anterior sclerotome (Fig. l&t') , while immunoreacthe floor plate and the posterior sclerotome) at early stages of tivity persisted in the posterior portion of the sclerotome (with motor neuron extension. respect to anterior-posterior or craniocaudal axis) (Fig. lB') , Innervation of hindlimb and epaxial muscles. As motor axons and was present in the myotomes. Thus, T-cadherin immugrew towards the base of the limb bud and converged to form the crural and sciatic plexii, T-cadherin immunostaining on motor axons remained high (Fig. lC,C' ), but then began to decrease by st 24. By st 26 ( Fig. 2A) , T-cadherin immunostaining was absent over the entire extent of motor neurons including their cell bodies in the lateral motor columns and their dorsal or ventral distal nerve trunks. T-cadherin remained absent from all nerve trunks as they separated to form projections to individual limb muscles, and as they first invaded the muscle masses at st 27 (Tosney and Landmesser, 1985b) . By st 28, after motor axons had projected into the muscle and had begun branching to form synapses on myotubes (Dahm and Landmesser, 1988, 199 1) (Fig. 2B ), T-cadherin was reexpressed on motor neurons. Immunoreactivity progressively increased through st 33, and persisted through st 36 after which the hindlimb nerves became permanently T-cadherin negative (compare Figs. 4, 5 to 8) . This biphasic expression pattern on motor neurons is consistent with the biphasic T-cadherin mRNA profile in developing brain and spinal cord (Sacristan et al., 1993) . Motor axons innervating the epaxial muscles also transiently expressed T-cadherin, but with a time course different from the hindlimb nerves. At st 2 1, ventral roots branching away from the spinal nerve and innervating the myotomes exhibited moderate T-cadherin staining compared to the nerve trunk innervating the hindlimb (arrow, Fig. lA,A' ). As in the hindlimb nerves, T-cadherin expression remained low until after st 27. However, on the epaxial motor neurons peak staining occurred at st 28 and had vanished by st 35, whereas in the limb muscle motor neuron T-cadherin expression peaked at st 32 and persisted until st 36. Thus, although the onset of T-cadherin expression occurred at the same time for both groups of motor neurons, the peak and down regulation of expression occurred at a faster rate for epaxial motor neurons than for limb motor neurons, and this difference may reflect an earlier time course of epaxial muscle innervation and maturation.
Immunofluorescence did not allow us to determine if T-cadherin in the growing nerves was located on motor neuron surfaces, or, instead, on the presumptive Schwann cells that migrate with the nerve trunks. Therefore, immunoelectron microscopic analysis of T-cadherin expression was performed on st 22 spinal cords and ventral roots (Fig. 3) proximity to the axons, some ofwhich are presumably migrating Schwann cell precursors. Thus, T-cadherin labeled motor axons. In the ventral spinal cord, cell bodies were T-cadherin-positive on their surfaces. Some of these cells could be identified as motor neurons by the projection of their attached axonal extensions out of the spinal cord (not shown). However, not all labeled cells could be identified as motor neurons, and therefore the possibility remains that additional populations of neuronal and/ or non-neuronal cells in the ventral spinal cord also express T-cadherin.
Heterogeneity of T-cadherin expression among motor neuron pools. T-cadherin immunoreactivity was homogeneously distributed among all portions of the lateral motor column and spinal nerves between st 18 and 24, but after st 28, staining varied among neuron populations belonging to discrete mot& neuron pools. Figures 4 and 5 show the heterogeneous staining pattern among the intramuscular nerve trunks of the thigh muscles at st 29 and st 31, respectively. The nerve trunks within the adductor muscles were intensely labeled for T-cadherin (Fig.  5A,A' ), but those in the sartorius muscle showed very low or no immunoreactivity (Fig. 5B,B' ). The caudilioflexorius nerves were also negative for T-cadherin, while nerve trunks in the posterior iliotibialis stained intermediately. The nerve trunks in the iliofibularis muscle exhibited a gradient of T-cadherin immunostaining intensity, according to their positions within the muscle (Fig. 5C,C' ). The positions of the nerve trunks in the anterior-posterior axis of the iliofibularis muscle are known to be topographically arranged with respect to the positions of the cell bodies in the motor neuron pool spanning from lumbosacral segment 3 to lumbosacral segment 7 of the spinal cord (Landmesser, 1978a,b) . The T-cadherin-positive anterior nerve trunks in the muscle originate in the anterior portions of the spinal cord, while the posterior T-cadherin-negative nerve trunks originate in more posterior regions. These staining patterns were observed at all proximal to distal levels of the muscle nerves. Therefore, the observed differences were not due to the level of sectioning at particular regions of the nerves, which may occur if T-cadherin levels varied with axonal distance from the spinal cord, or at branch points along the nerve.
In order to determine if the heterogeneity of T-cadherin immunostaining in the lateral motor column is due to differences in expression levels by discrete motor neuron pools, motor neurons were backlabeled with Di-I injected into individual thigh muscles at st 3 1. Spinal cord sections containing the Di-I labeled neurons were immunostained for T-cadherin. The results, shown in Figure 6 , revealed that the relative intensity differences observed in the intramuscular nerve trunks matched those among the motor neuron pools. Thus, the IX-1 labeled cell bodies of T-cadherin-negative sartorius nerves were located in the T-cadherin-negative region at the lateral aspect motor column in LS 1 and LS 2 (Fig. 6A,A' ), while the cell bodies of the T-cadherinpositive adductor nerves were located more medially in a region positive for T-cadherin (Fig. 6&B') . The heterogenous staining pattern of the thigh nerve trunks was retained between st 28 and 34 (Figs. 4, 5, 8&t' ), after which T-cadherin expression began to decrease in all the nerves, persisting longest in the most intensely stained nerves, such as the adductor nerve. By st 36, very low intramuscular nerve staining was visible in the hindlimb (Fig. 8&B') , and by hatching all the nerves innervating the muscle were T-cadherin negative (not shown), although the perineurium ensheathing the extramuscular nerve trunks remained T-cadherin positive.
The heterogeneity of T-cadherin expression on motor neurons was confirmed by growing dissociated motor neurons at low Figure 6 . Heterogeneous T-cadherin immunostaining among motor neuron pools in the lateral motor column of the spinal cord corresponds with the pattern observed peripherally in the intramuscular nerve trunks. A and B, Retrograde labeling of motor neuron pools by DiI injected into discrete thigh muscles. A'and B', T-cadherin immunofluorescence in the same sections. Arrows point to the positions of DiI labeled motor neurons. The sartorius motor neurons in LS 1 are located in a T-cadherin-negative region of the lateral motor column (A, A'), but the adductor motor neurons in LS2 (B, B') are located in T-eadherin-positive regions of the lateral motor column. Scale bar, 200 pm. density in culture and immunofluorescently staining for the any labeled sensory neurons, and the cells were dissociated and presence of T-cadherin. In order to identify motor neurons, DiI grown in culture. DiI persists in the motor neuron cell bodies, was injected in situ into the lumbosacral spinal nerves containand is incorporated into the membranes of any new neurites ing motor axons to back-label the motoneuron cell bodies in extended in culture (Honig and Hume, 1986 ). In two separate the spinal cord. The injections were made at stage 27 when experiments, many DiI labeled, brightly T-cadherin-positive T-cadherin reexpression begins to occur heterogeneously. The motor neurons were observed (Fig. 7) . However, other motor ventral portions of the spinal cords were isolated, thus excluding neurons expressed varying levels ofT-cadherin, and some motor neurons were T-cadherin negative. In one experiment, 60% of the motor neurons were brightly T-cadherin positive, 36% were less intensely stained, and 4% were T-cadherin negative; in the second experiment, these values were 25%, 30%, and 45%, respectively. (The different values between these two experiments are probably due to back-labeling of different proportions of high and low T-cadherin-expressing motor neuron pools, since not all axons within the injected spinal nerves became labeled.) These experiments therefore demonstrate that motor neurons express T-cadherin, and that the expression after stage 27 is heterogeneous among motoneurons.
Taken together, these results show that T-cadherin is expressed on the surfaces of motor axons in a biphasic temporal pattern: first, T-cadherin is homogeneously distributed on motor neurons projecting from the spinal cord into the plexus regions, and second, T-cadherin is heterogeneously expressed among motor neuron pools as motor axons innervate their muscle targets. Between these two phases, as motor axons exit the plexus region and grow to their muscle targets, T-cadherin expression is downregulated.
T-cadherin in developing hindlimb muscles On muscle surfaces in the hindlimb, T-cadherin was first observed at st 29, after motor neurons had invaded the muscles and had begun to form synapses on the myotubes (Fig. 4A') . T-cadherin immunoreactivity was first detected in the dorsally located anterior and posterior iliotibialis muscles, and also in the posterior region of the iliofibularis muscle. Slightly later (by st 32) (Fig. SA') , staining was also observed in the other thigh muscles, and progressively became more intense and uniform as development proceeded through hatching. At the latest time point observed, 4 d after hatching, T-cadherin immunoreactivity was strong in the limb muscle, and was abundant not only on myotube surfaces, but also in the extractllular spaces between myotubes. In addition to muscle, T-cadherin was detected on the newly formed connective tissue comprising the fascia between muscles, particularly at the posterior region of the thigh and at the junction between the thigh and the shank, and the perimysium ensheathing the muscles.
Staining postsynaptic regions of muscle cells with fluoresceinconjugated a-bungarotoxin in combination with T-cadherin revealed that T-cadherin was restricted to the extrasynaptic regions of muscle cells. At st 46 (Fig. 9 ) and at 4 d posthatching (not shown) staining for ar-bungarotoxin (green) and T-cadherin (red) did not overlap. This complementary distribution was thus observed when all ACh receptor clusters (identified by cw-bungarotoxin binding) are known to be postsynaptically localized (Dahm and Landmesser, 199 1) . Therefore T-cadherin is excluded from the neuromuscular junctions. This differential distribution may be due to differences between the synaptic and extrasynaptic basal lamina or the postsynaptic and extrasynaptic myotube cell membrane.
Complementary expression of T-cadherin and N-cadherin in developing motor axon pathways By whole tissue analysis of T-cadherin mRNA, T-cadherin was previously found to be expressed simultaneously with N-cadherin in the developing spinal cord, the somites, and in muscle (Sacristin et al., 1993) . However, when the di&bution and time course of T-cadherin was analyzed at the cellular level in the present study, expression patterns of these two cadherins Figure 7 . Motor neurons growing isolated in culture express T-cadherin. A, Motor neuron identified bv Di-I back-labeling from its neripheral &ons in situ. After 15 hr in iitro, the Di-I persists in the soma and is incorporated into the newly formed neurites. B, T-cadherin immunofluorescence is present over the soma and processes of the same neuron. Scale bar, 55 pm.
were largely complementary. The expression of N-cadherin has been previously described during spinal cord (Hatta and Takeichi, 1986; Hatta et al., 1987; Lagunowich et al., 1992; Redies et al., 1992) and hindlimb muscle development (Hatta et al., 1987; Hahn and Covault, 1992; Fredette et al., 1994) , and thus we will restrict our description. to a comparison with the expression of T-cadherin.
In the st 17 lumbosacral region, T-cadherin immunofluorescence was only detectable in the posterior portions of epithelial somites located anterior to the last three formed, but was not yet visible in the neural tube. In contrast, N-cadherin immunofluorescence was bright throughout the neural tube and surrounding somites (compare Fig. lOA,A' ). Since many developmental changes occur in an anterior to posterior gradient, temporal as well as spatial changes in the expression of T-cadherin and N-cadherin were illustrated by comparing brachial and lumbosacral levels of st 20 embryos in horizontally cut sections (Fig. 10&B'-D,D') .
At the brachial level, the spinal cord, newly extended ventral roots, and the adjacent. posterior sclerotomes were brightly T-cadherin-positive ( Fig. 1 OB) , while in the lumbosacral region, T-cadherin was less intense in these structures ( Fig. 100 In contrast, N-cadherin immunostaining was brighter at the lumbosacral level of the spinal cord than at the brachial level (Fig. IOB',C') . Thus, the increase of T-cadherin in the spinal cord is complementary to a decrease of N-cadherin. In the tissues surrounding the lumbosacral spinal cord, T-cadherin staining was present in the posterior-half sclerotomes, but N-cadherin was restricted to the anterior-half sclerotomes where neural crest-derived cells were condensing to form the dorsal root ganglia (DRG) (Lallier and Bromrer-Fraser, 1988) (Fig. lOD,D' ). Also, high levels of N-cadherin, but low levels of T-cadherin were apparent in this dorsal portion of the spinal cord. Both cadherins, however, were observed in the myotome.
After st 20, the distribution of both N-cadherin and T-cadherin continued to be largely complementary within the spinal cord (see Fig. 1 l&3) . Between st 20 and 31, N-cadherin immunostaining progressively increased and T-cadherin immunostaining diminished in lateral portions of the dorsal finriculi, whereas the converse occurred in the medial portions of the dorsal funiculi and in the ventral funiculi. At st 3 1, the distribution of T-cadherin and N-cadherin were complementary in the floor plate of the spinal cord, in the dorsal root ganglia (DRG) and sympathetic ganglia (Fig. 1 lA,B) . The sensory neurons in the DRG and their peripheral.and central processes entering the dorsal horn were largely N-cadherin positive. As an extension of the previous description by Redies et al. (1992) that a subpopulation of DRG neurons are N-cadherin negative, we have observed that T-cadherin is distributed on a minor population of DRG neurons (Fig.  11 CD) . Correspondingly, the N-cadherin-negative medial region of the dorsal funiculus was T-cadherin positive. Although we have not performed high magnification double fluorescence to determine if T-and N-cadherin expression is mutually exclusive on individual cell bodies in the DRG, the segregation of staining in the dorsal hmiculus would indicate that this is the case. Furthermore, sensory cutaneous nerve fibers in the limb are N-cadherin positive but T-cadherin negative, indicating that the T-cadherin-positive sensory neurons in the DRG must belong to a sensory system other than the cutaneous afferents. The floor plate of the spinal cord and the sympathetic ganglia were positive for N-cadherin, but negative for T-cadherin (Fig. 11 CD) . The con- nective tissue ensheathing the DRG and sympathetic ganglia was intensely labeled for T-cadherin, but was negative for N-cadherin.
An exception to the complementary expression of T-cadherin and N-cadherin was the simultaneous expression of both cadherins in myotomal muscle at st 20. However, by st 31, N-cadherin was downregulated in the myotome-derived axial muscles, while T-cadherin expression persisted (Fig. lOC,D', arrows) . Similarly, the thigh muscles simultaneously expressed both cadherins between st 30 and 38. However, N-cadherin levels decrease in the hindlimb muscles after st 35 (Hahn and Covault, 1992) as T-cadherin expression increased.
Discussion

Biphasic expression of T-cadherin on motor neurons
The present study revealed that T-cadherin is expressed on motor axons and in the vicinity of their projection paths during two periods: (1) as they grow around the T-cadherin-positive posterior sclerotome, and (2) as they form terminal axonal arbors and synapses in their muscle targets. The two phases of T-cadherin expression on growing motor axons correlate with particular events in the formation of the highly topographic motor axon-hindlimb muscle projection. Initially, T-cadherin is distributed uniformly on all motor axons as they exit the spinal cord and segregate into the segmental spinal nerves. Therefore, during this first phase of expression, T-cadherin may participate in recognition events that uniformly affect all motor axons, either by regulating axon fasciculation, or by acting as a receptor that renders all motor axons sensitive to specific guidance cues. During the second phase of expression, the heterogenous T-cadherin distribution among motor neuron pools may render motor neurons differentially sensitive to contact with T-cadherin ligands as these axons form terminal arbors and synapses within their muscle targets.
T-cadherin levels in the limb muscle nerve trunks correlated with the levels observed in the locations of the corresponding motor neuron pools in the spinal cord. This argues that T-cadherin is expressed heterogeneously among motor neuron pools, and that the motor neurons, and not other cellular components either in the ventrolateral spinal cord (such as other neurons or glia), or in the muscle nerve trunks (such as sensory or sympathetic fibers), are responsible for the heterogeneity. Since the same pattern was observed at all proximal to distal levels of the Figure IO . Complementary immunofluorescence patterns of T-cadherin and N-cadherin distribution, in horizontally cut sections, during early development. A and A', T-cadherin (A) and N-cadherin (A') in st 17 neural tube (nt) and adjacent somites (s) of the lumbosacral region. The last formed somite is labeled s. T-cadherin is visible only in the posterior regions of the three somites indicated by arrows, but N-cadherin is present throughout the neural tube and somites. B and B' In the st 20 brachial region (B), T-cadherin is abundant in the neural tube, emerging ventral roots (vr), and posterior halves of the sclerotomes (P), but is absent from the anterior halves (A), traversed by the ventral roots. In an adjacent section (B'), N-cadherin staining is low in all of these structures. The myotomes (m) express both N-cadherin and T-cadherin. C and C', In the st 20 lumbosacral region, T-cadherin (C) is much less abundant than in the brachial region, while the converse is true for N-cadherin (C'). D and D', In a section dorsal to the one shown in C and C', T-cadherin (0) is present in the posterior sclerotome, but N-cadherin (D') is detected in the anterior sclerotome where dorsal root ganglia are forming. Only the lateral region of the spinal cord and the myotomes express both N-cadherin and T-cadherin. Scale bar, 300 pm. muscle nerves between st 28 and 36, the variations are not due on their surface, although in neither of these cases were the to the growth state of the nerves, such as distance from the motor neuron projection targets identified. Collectively, our data spinal cord or position at branch points. Furthermore, we have indicate that between st 28 and 34, T-cadherin is expressed observed by in situ hybridization heterogeneous expression of heterogeneously among motor neuron pools. T-cadherin mRNA in the lateral motor columns (unpublished The variation of T-cadherin levels among motor neuron popobservations), and by immunofluorescence that motor neurons ulations after st 28 is one of few examples of molecular heterogrown dissociated in culture express varying levels of T-cadherin geneity among motor neurons. Other cases are the calcitonin and Landmesser, unpublished observations; Tessier-Lavigne and Mudge, 1987) and polysialylated NCAM (Tang et al., 1992) . The distribution of these three molecules overlaps, but does not exactly correspond. The expression of polysialylated NCAM in motor axon trunks correlates with their projection to ventral regions of the developing limb, and enzymatic removal of polysialic acid perturbs the ability of axons to project ventrally (Tang et al., 1992) . T-cadherin, however, is transiently downregulated as motor axons sort into dorsal and ventral nerve trunks and into discrete muscle nerves that project between the base of the hindlimb and their muscle targets. Therefore, a function of axonal T-cadherin in dorsal-ventral sorting of nerve trunks can be excluded. Like T-cadherin, CGRP varies among motor neuron pools and is apparent after st 28. However, CGRP is expressed simultaneously with T-cadherin on some motor neuron pools, while others express only one of the two molecules. For example, motor axons innervating the internal adductor and tibialis anterior muscles express both CGRP and T-cadherin, but the sartorius motor neurons are T-cadherin negative and CGRP positive and the opposite is true for the femorotibialis and posterior iliotibialis motor neurons (Tessier-Lavigne and Mudge, 1987) . Furthermore, CGRP expression persists after T-cadherin expression on motor axons has ceased. The significance of this heterogeneity is not clear for either molecule, since the patterns do not correspond to any known functional (fast vs slow, extensor vs flexor) or positional patterns. Since the heterogeneous pattern of T-cadherin appears during branching and synapse formation of motor axons in the muscle, the pattern most likely relates to one of these events.
T-cadherin expression in muscle T-cadherin expression in muscle occurs after the initial period of myotube formation and persists well after myogenesis is completed. Unlike NCAM, N-cadherin, and M-cadherin that are expressed in developing muscle and have been shown to be involved in myoblast fusion (Covault and Sanes, 1986; Knudsen et al., 1990a,b; Donalies et al., 199 1; Hahn and Covault, 1992; Moore and Walsh, 1993 ) T-cadherin is unlikely to be involved in this process in vivo because it is expressed too late.
T-cadherin expression in muscle correlates with the cessation of motor axon growth, and the formation of terminal axon arbors and synapses. T-cadherin is excluded from neuromuscular junctions and is restricted to the extrasynaptic regions. This localization is complementary to that of NCAM (Covault and Sanes, 1986) and N-cadherin (Cifuentes-Diaz et al., 1994) , which become restricted to the neuromuscular junction around hatching. The postsynaptic region is selectively reinnervated after denervation (Sanes et al., 1978) , and the distribution of T-cadherin is consistent with the putative role as a barrier to axonal sprouting. According to this hypothesis, T-cadherin would function in the arrest of motor neuron growth and synapse formation in a mode opposite to that proposed for S-laminin in the synaptic cleft (Hunter et al., 1989) : T-cadherin may act to prevent axonal sprouting onto the extrasynaptic muscle surface, while S-laminin in the synaptic cleft may serve to "anchor" the axon at the synaptic site. However, it remains to be determined if T-cadherin is initially present at neuromuscular contacts and only later becomes excluded from maturing synaptic structures or if it is segregated to extrasynaptic surfaces from the onset of its expression.
Complementary expression of T-cadherin and N-cadherin in neural and mesenchyme tissues A minor subpopulation of developing sensory neurons in the dorsal root ganglia contains T-cadherin and we suggest that this population complements the N-and R-cadherin-positive neurons of the DRG. The centrally projecting processes of T-cadherin-positive sensory neurons project to a T-cadherin-positive medial region of the dorsal funiculus that is N-and R-cadherin negative (this study and Redies et al., 1992) . The T-cadherinpositive subpopulation is probably part of the long distance, rostrally projecting fiber system, whereas the N-cadherin-positive neurons enter the lateral region containing short distanceprojecting fibers (Redies et al., 1992) . Furthermore, in our study, because cutaneous nerve trunks in the periphery express N-cadherin, but not T-cadherin, this hmctional group of neurons can be classified as T-cadherin negative. Therefore, while heterogeneous expression of cell surface molecules has previously been described in sensory neurons (Dodd et al., 1984) , heterogeneity in cadherin expression among particular functional groups of sensory neurons during axon sorting, pathfinding and synapse formation may be indicative of cadherins participating in the segregation of sensory axons into functional groups.
Our observation that T-cadherin and N-cadherin expression patterns are complementary in virtually all of the tissues examined suggests that their regulation is linked in some way. This complementarity was apparent also in regions where the two cadherins are colocalized, in that their expression levels change temporally in opposite ways, so that as one cadherin is upregulated, the other decreases. In these regions, for example, the neural tube and the myotomal and skeletal muscles, N-cadherin expression occurs before T-cadherin expression, thus implying that individual cells are capable of simultaneously expressing both cadherins. It seems, however, that the expression of both T-cadherin and N-cadherin is temporarily restricted and, in the long run, the expression of the two cadherins is mutually exclusive.
T-cadherin as a negative regulator of motor axon growth? Avoidance mechanisms have been hypothesized to participate in motor axon pathfinding during their segmental projection through the somitic mesoderm Stem, 1984, 1988; Tosney, 1988; Davies et al., 1990 ) during growth through specific channels in the presumptive pelvis (Tosney and Landmesser, 1984; Oakley and Tosney, 1991) and finally as they cease growing and form synaptic contacts on their muscle targets (Hunter et al., 1989) . The discrete distribution of T-cadherin on motor axons and in regions of their projection path that are avoided during axon growth is highly suggestive that T-cadherin acts as an avoidance cue to restrict the pathway of motor axons. T-cadherin is expressed segmentally in the posterior-half sclerotome before and during the growth of motor axons through the anterior sclerotome, and therefore, T-cadherin is a likely candidate for participating in the early motor axon organization. Motor axons extend from the spinal cord all along the anteriorposterior neuraxis, and are then funneled through the anterior sclerotome, avoiding the posterior half, to yield the segmental organization of spinal nerves. The molecular signals for the segmental growth of motor axons reside within the sclerotome, as motor axons project through the anterior sclerotome even when presented in the posterior position under experimental conditions (Keynes and Stem, 1984 Davies et al., 1990 ) and chondroitin-6-sulfate (Oakley Fredette B, Ranscht B (1993) Distribution and function of T-cadherin during the projection of motor axons to the hindlimb. Sot Neurosci and Tosney, 199 1; Snow et al., 1990) . Tenascin is also restricted Abstr 19:1481. to the posterior sclerotome as motor neurons project through the anterior region, but experimental alteration of tenascin expression in this region does not disrupt the segmental organization ofmotor axons (Rickmann et al., 1985; Stem et al., 1989) . The restricted distribution of permissive molecules, such as the 70 kDa molecule M7412 (Tanaka et al., 1989) and butyrylcholinesterase (Layer et al., 1988) in the anterior halves of sclerotomes may also contribute to segmental motor axon growth by providing strongly attractive guidance cues.
Other areas avoided by growing motor axons are the perinotocordal region and the presumptive pelvis, where chondrocyte condensation and subsequent bone formation occurs. T-cadhetin is present in portions of the presumptive vertebrae derived from the posterior sclerotome, but is not expressed in the remainder of the perinotocord region or in the presumptive femur region, nor is it expressed on motor axons as they grow past these regions. Therefore, T-cadherin is unlikely to be involved in axon avoidance of these regions, while both PNAbinding proteins and chondroitin-6-sulfate (Oakley and Tosney, 199 1) could contribute to growth cone avoidance of these particular areas in the motor axon pathway.
The present study has revealed a distinct and unique expression pattern of T-cadherin during the projection of motor axons into hindlimb muscles that predicts a role of T-cadherin as a negative regulator of motor axon guidance. Initial experiments carried out in this laboratory indicate that T-cadherin substrates significantly reduce neurite outgrowth in vitro (Fredette and Ranscht, 1993) , and thus provide experimental support for this hypothesis. The formation of the motor axon pathway depends on the specific recognition of multiple extracellular guidance cues by neuronal growth cone receptors and the work presented here suggests that T-cadherin is likely to be an important molecular player contributing to the development of the stereotyped innervation pattern of the chick hindlimb muscle.
